Creative Commons Attribution-NonCommercial-NoDerivs License Superelasticity in Cu-Zn-Al shape memory alloy microwires is studied as a function of surface roughness. Wires with a rough surface finish dissipate more than twice as much energy per unit volume during a superelastic cycle than do electropolished wires with smooth surfaces. We attribute the increased damping in wires with large surface roughness to the increased density of surface obstacles where frictional energy is dissipated as heat during martensitic phase transformation.
! 2! ! Fine wires of Cu-based shape memory alloys (SMAs) with bamboo grain structure are interesting because they exhibit single crystal-like behavior without the restrictions in size and cost that come with single crystal production [1] . Recent interest in these structures, which typically have diameters below ∼100 µm, has revealed several size effects upon the martensitic transformation, such as a transition from multi-domain to single-domain martensite morphology [2] and an increased hysteresis size in smaller wires [3] . These effects have been ascribed to two related phenomena. First, there is a transition from volume-obstacle control to surface-obstacle control of the martensitic phase transformation at wire diameters below about ~100 µm [2, 4]. Secondly, below 100 µm in the regime of surface-obstacle control, the sampling of obstacles at the wire surface scales with surface-to-volume ratio, i.e., as the reciprocal of the wire diameter [2].
In the surface-obstacle control regime (< 100 µm), the condition of the surface of an SMA should be expected to have a major effect on its properties. Previous investigations on surface roughness in SMAs, however, have been on bulk samples.
These include studies on fatigue [5], corrosion [6], surface chemistry [7] , and due to the use of shape memory materials in medical devices, interactions with cells [8, 9] .
Still using millimeter size samples, Chmielus et al. investigated the forward transformation in Ni-Mn-Ga [10] . They found that polished samples showed serrated stress-strain curves, while those of unpolished samples were smooth, and that polished samples exhibited lower twinning stress [10, 11] . Meanwhile, hysteresis size and shape depend on factors such as grain size [12] , phase compatibility [13] and second phase particles [14, 15] .
! 3!
All of the above studies were conducted on "bulk" samples where the surface can be expected to play only a minor role on mechanical properties. It is the objective of this work to study the correlation between surface roughness and the width and shape of the superelastic stress strain curve in Cu-Zn-Al microwires. We show that hysteresis is dramatically increased in wires with high surface roughness as compared to electropolished wires where the surface is smooth, providing a key validation of the notion of a "surface obstacle controlled" regime at sample size scales below about 100 µm.
Solid pieces of shape memory alloy with the composition Cu-22.9Zn-6.3Al (wt. %)
were placed in an aluminosilicate glass tube that had a 4 mm inner diameter and a working temperature of ∼1250 °C. The inside of the tube was subjected to low vacuum conditions and an oxy-acetylene burner was used to heat the glass/metal until the metal melted and the glass softened. The softened glass capillary, with molten metal at its core, was then drawn out of the hot zone, reducing its diameter and hardening it. Fig. 1a shows an optical micrograph of such a glass-coated metallic fiber after drawing. The fibers were annealed at 800 °C in an argon atmosphere for 3 h and water quenched; during annealing the grains grow to span the wire cross section, forming a bamboo grain structure [16] . After annealing, the glass coating was removed by immersion in ∼10 % diluted aqueous hydrofluoric acid. Fig. 1b shows a scanning electron micrograph of a wire after glass removal. The surface is observed to be rather rough with features reminiscent of valleys running parallel to the wire axis.
Finally, the wires were electropolished at room temperature in an electrolyte consisting of 67 % phosphoric acid and 33 % deionized water for 30-120 s depending on wire size. The electrolyte was stirred at 80 rpm, the electrodes were pure Cu and Fig. 1c , where the roughness associated with processing is removed. To obtain quantitative measures of surface roughness we determine the commonly used parameters R q and R a , calculated after subtracting the wire curvature using a first order flattening. The root mean square surface roughness parameter R q was found to be 10 and 125 nm for the polished and unpolished wires, respectively. Similarly, the arithmetic average roughness parameter R a was calculated to be 7 and 88 nm for the polished and unpolished wires, respectively. For comparison, the surface roughness parameter R a in commercial Ni-Ti wire was found to lie between 23 and 281 nm [17] and between 100 and 350 nm in orthodontic wires [18] .
To investigate the role of surface roughness on superelasticity we cut one of the asdrawn wires in two parts and electropolished one of the halves, but not the other. The diameter of the unpolished wire (rough surface) was 80 µm and that of the polished ! 5! wire (smooth surface) was 41 µm, due to the removal of surface layers. These two wires were then tested in tension at 35 °C in a dynamic mechanical analyzer (DMA Q800 from TA instruments) operated in load control at a loading rate of 10 MPa⋅min . Interestingly, the forward plateaus are now similar, however, the difference between the two reverse plateaus is still large. In fact, their energy dissipation still differs by a factor of 2.5 (hysteresis sizes are now 11.3 and 4.7 MPa for the rough and the polished samples).
! 6!
We estimate that the gauge sections of these two wires sample about 40 and 65 grains (rough and polished wires, respectively) and we therefore believe that factors such as grain size and orientation play only minor roles in affecting SMA properties [16] .
Furthermore, since both samples were cut from the same wire, composition and internal microstructure, e.g. dislocation density, are assumed to be similar. Lastly, previous studies have shown that smaller wires in this size range exhibit larger hysteresis than larger wires [3] . In a previous paper we ascribed this size effect to the increased sampling of obstacles at the wire surface by the austenite/martensite interface [2] . Thus, it is especially suggestive that although the diameter of the polished wire in Fig. 3 is finer (due to removal of surface layers by electropolishing), this sample still dissipates less energy per unit volume than does the rough wire. After ruling out microstructural and compositional differences as well as size effects, we are left to conclude that the difference in hysteresis between the two wires is attributable to the difference in surface roughness.
In SMAs, frictional energy is dissipated as heat when the austenite/martensite interface moves past obstacles. In line with this, hysteresis size has been shown to decrease with increasing degree of crystal perfection [19] . In small scale SMAs, the sampling of obstacles at the wire surface has been put forward as the dominant source of energy damping [2]; as noted in the introduction, the scaling of hysteresis with wire diameter aligns with this proposal for wires below about 100 µm in size scale.
Because electropolishing reduces surface roughness it appears reasonable to assume that it reduces both the amount as well as the 'frictional potential' of obstacles at the ! 7! surface. Based on the above we interpret the results of Fig. 3 in the following way: the smoother the wire surface, the fewer obstacles there are, and because fewer (and less potent) obstacles are bypassed by the moving austenite/martensite interface less energy is dissipated during a superelastic cycle. To demonstrate the generality of the observations from Fig. 3 we now show data from superelastic curves for several polished and unpolished wires. In Fig. 4 we plot the strain-averaged vertical hysteresis size for wires with a range of diameters. The general trend is observed to be the same as for the wire presented above: wires with a smooth, polished surface dissipate less energy than wires with rough surfaces. Furthermore, many of the polished wires show a hysteresis size of about 5-10 MPa, which is similar to single crystalline bulk samples of Cu-Zn-Al [20] . This means that even though the wires are in a size range where properties have been shown to be surface-controlled [2], electropolishing mitigates this effect by removing surface obstacles. On the other hand, some of the polished wires show a hysteresis size comparable to the rough wires and these wires are in the lower end of the diameter range studied. These outliers may suggest that electropolishing simply translates the size effect in damping to a smaller scale, not well captured in the present study. In line with this, submicron Cu-Al-Ni pillars show increased damping, despite having smooth surfaces [21] .
The present results are not only scientifically interesting for their implications on surface effects upon the martensitic transformation, but also have important practical implications. For example, high damping is desired in many applications, such as impact absorption [22] , but unwanted in others, such as actuation and energy harvesting [13] . The ability to tailor the degree of damping by simply controlling ! 8! surface roughness could in principle be useful, especially as SMAs find use in structures with large surface areas [23] .
In summary we show that energy dissipation in Cu-Zn-Al microwires may be tuned by controlling surface roughness. This provides experimental evidence of the relation between hysteresis size and obstacle density/potency, especially in the fine scale (< 100 µm) where properties in SMA structures have been proposed to be surfacecontrolled. 
